Abstract: Transmission expansion planning (TEP) requires coordinated and analytical analysis of various scenarios to meet the ever increasing load. In this work, TEP is for N-1 and N-2 contingencies. The scenarios considered include single line outage, double line outages, generator outage or a combination of the above. Factors like hike in load demand or hike in both generation and load are also considered for analysis. Heuristic methods like backward search (BS), forward search (FS) and hybrid search (HS) techniques used to the above scenarios to provide a prospective TEP. The proposed method is tested using a Garver test system (GTS). DC load flow analysis is used to analyse line flows. Length of new lines added, cost of new lines added and time required for simulation are calculated and compared for various scenarios. Reliability measures like voltage profile index (PI), line loading index (LI), expected energy not supplied (EENS) index, expected demand not supplied (EDNS) and probability of load curtailment (PLC) are calculated after TEP for load growth of 30% with single line outage.
Introduction
The power system has been called the most complex machine in the world. In every second of every day the power supply must match power demand, called load. In areas where demand is greater than locally available supply the electrical network must be robust enough to accommodate the import of power from sources outside the area. Where supply is greater than local demand, the system must accommodate the export of power. Since upgrades of electrical infrastructure generally require significant time and money, and modern society relies heavily on reliable power supply, planners must identify and address reliability concerns early without imposing unnecessary cost (Tachikawa et al., 2002) .
The aim of transmission expansion planning (TEP) is to specify addition of transmission lines that give sufficient power and at the same time maintain reliability of transmission system (Latorre et al., 2002) . To congregate demand escalation, generation addition and augmented power flow, TEP must identify efficient plan, precise site, capacity, timing and type of novel transmission apparatus. One of the major challenges in power system optimisation is that TEP should be cost-effective in spite of the problem being complex, large-scale and nonlinear. Planning horizon, instance topology of the base year, candidate circuits, load forecast, generation expansion and investment constraints are to be considered for TEP, increasing the complexity of the problem (Lee et al., 2006) . TEP shall be made based on analysis of AC load flow or DC load flow. Real and reactive power flows can be obtained from AC load flow or DC load flow, but DC load is preferred due to simple calculations and less time required for simulation.
Problem definition
TEP is to determine the transmission paths between existing and new substations and their features like voltage level, number of circuits, conductor type, etc. (Oloomi Buygi and Shanchei, 2003) . TEP should reduce investment cost and operational cost as well as to meet various constraints during normal and contingency conditions. Investment cost involves the cost of adding new transmission elements and the operational cost would be the cost of power losses during the element life.
TEP should not violate the basic constraint i.e. the limiting transfer capability of a transmission line (de la Torre et al., 2008) . The contingency is, in fact, an outage taking place on a single element such as a line, a transformer, and/or a generator or some other elements. The N-1 condition is referred to as outage single element. The N-2 condition denoted that simultaneous outage on two elements like one line and one transformer, two lines, one line and one generator, etc. Therefore, the TEP should be done that system should meet the load and no violation happens.
Problem formulation
TEP is to determine the transmission paths between both existing and new substations buses, as well as their characteristics (Lee et al., 2006) . The problem is viewed as an optimisation problem which is required to minimise objective function by satisfying various constraints. The objective function consists of the investment cost for new transmission lines, while satisfying constraints like power flow node balance, power flow limit of transmission lines, power generation limits, bus voltage phase angle limit and right off way (de la Torre et al., 2008) .
The aim of objective function is to minimise the total cost (C total ), consisting of the investment cost for new transmission lines (C new-line ), i.e.
where
where L i is the length of transmission line candidates in Km, L c is the set of possible candidates, x i is the type of transmission line candidate i.e. various types such as number of bundles, conductor types and number of circuits and C L (x i ) is the investment cost per km for type x i .
Constraints
The TEP problem (1) represents the capital cost of the recently installed transmission lines; it has some restrictions to solve it. To find optimal solution of TEP, physical and operational constraints must be included into the mathematical model. The constraints are explained as follows:
4.1 Power flow node balance (Srinivasulu and Subramanyam, 2012) The nonlinear equality constraint represents the conservation of power at each node, i.e.
for 1, 2 ,
where P Gi , P Di and P i is real power generation, real load demand and real power injection at bus i, respectively. (Srinivasulu and Subramanyam, 2012) The inequality constraint of power flow limit on transmission line for each path is
Power flow limit on transmission lines
where P ij , max , ij P n ij and 0 ij n gives total power flow through transmission line i-j, maximum power flow through transmission line i-j, number of lines added to transmission line i-j and number of transmission lines in original base system, respectively. (Srinivasulu and Subramanyam, 2012) In TEP, power generation limit should be incorporated as one of the constraints. Mathematically, it can be represented as follows:
Power generation limit
where P gi , min gi P and max gi P is real power generation at bus i, the lower and upper real power generation bounds at bus i, respectively. (Srinivasulu and Subramanyam, 2012) The planners need to know the exact location and capacity of the newly required transmission lines for a precise TEP. Hence, this constraint should be incorporated into the deliberation of planning problem. The new transmission line location and the maximum number of lines that can be installed in a specified location shall be obtained from this constraint, it can be represented mathematically as follows:
Right of way
where n ij and max ij n is the total number of lines added to the transmission line i-j and the maximum number of added lines in the transmission line i-j, respectively. (Srinivasulu and Subramanyam, 2012) The bus voltage phase angle is incorporated as a TEP constraint and the calculated voltage phase angle ( ) cal i θ must be less than the specified maximum voltage phase angle max ( ), i θ it can be defined mathematically as:
Bus voltage phase angle limit
To check the reliability of the transmission system, the TEP problem should not only consider the usual operation but also incorporate contingencies due to changes in the system, e.g., generator outage, line outage, load uncertainties, etc. (Srinivasulu and Subramanyam, 2012) Generating capacity may be reduced by declaring a 'forced outage' to make repairs, or by extending a planned outage for maintenance. Reducing generating capacity may be lead to an artificial shortage of electricity supply and create reliability problems. Due to internal or external faults of generators, generator outage may be happened, hence this constraint should be included in TEP problem. (Srinivasulu and Subramanyam, 2012) The main reasons of transmission line outages are adverse weather (i.e. due to lighting, wind and icing), faulty equipment, foreign intervention, bad environment, and human element, it leads to interruption of power supply, hence this constraint must be incorporated in TEP problem. (Srinivasulu and Subramanyam, 2012) The reasons for uncertainty in load are, that the load is always variable, future load is a random variable, random results may be produced by load forecasting methods, errors in forecasted result and the majority of methods suffer from missing data and input data accuracy. Hence, this constraint must be integrated in TEP problem.
Generator outage

Transmission line outage
Load uncertainties
DC load flow
Load flow analysis gives steady state information about bus voltages, current injections at all buses, real and reactive power flows through transmission lines for given power system. (8) and (9) respectively and also find Δ r r i specified i i P P P = − and Δ . 7 Calculating the change in voltage magnitudes and phase angles using equations (8) and (9).
8 Updating the voltage magnitudes and phase angles and then go to Step 9.
9 Advancing the iteration count r → r + 1 and then go to Step 4.
10 Computing the slack bus powers and line flows.
11 Printing the results and stop the iteration.
Reliability measures
The performance of transmission system after planning can be assessed by finding reliability measures of transmission network.
Reliability measures are additional main considerations in system operation and planning. Permissible operating ranges of voltage and lines loading are the necessary limits in power networks operation and design (Oloomi Buygi et al., 2002) . Here, we categorise the technical criterion into three aspects including voltage profile index (PI), line loading index (LI), and expected energy not supplied (EENS) index (Oloomi Buygi et al., 2002) . Similarly, the adequacy of the proposed expansion plan is analysed with help of adequacy indices namely expected demand not supplied (EDNS) and probability of load curtailment (PLC) (Oloomi Buygi et al., 2002) . Buygi et al., 2002) In this paper, the PI for the overall system is defined as -0.95
Voltage profile index (PI) (Oloomi
where Buygi et al., 2002) For desirable operation of power system should guarantee that current flow into the all network facilities are in permissible ranges. The LI for the overall system is defined as I jmax the maximum current magnitude of j th branch SB set of branches with current over 80%. Buygi et al., 2002) EENS is the expectation of the energy loss caused to customers by insufficient power supply. The EENS index for the overall system is defined as:
Line loading index (LI) (Oloomi
Expected energy not supplied (EENS) index (Oloomi
where L ik the load curtailment at bus i or the load not supplied at an isolated bus i F ik the frequency of occurrence of outage k at bus i D ik the duration in hours of the load curtailment.
Expected demand not supplied (EDNS) (Oloomi Buygi et al., 2002)
The expected demand not supplied is the expected value of load shedding caused by insufficient generating capacity of system or constraint of power grid in a given time defined as
Nl number of load curtailment system states TD (hr) sum of the durations of all system states in a long system state transition sequence. Buygi et al., 2002) The probability of load curtailment is given by the index
Probability of load curtailment (PLC) (Oloomi
where D l (hr) duration for system state l Nl number of load curtailment system states TD (hr) sum of the durations of all system states in a long system state transition sequence.
TEP algorithm
TEP can be made using DC load flow analysis, since it gives real and reactive power flows and line flows and then heuristic search methods will be applied. The steps involved in TEP using DC load flow and heuristic methods by considering constraints explained in Section 4, are explained as follows:
1 Reading the bus data, line data, initial guess, convergence criteria and constraints involved in TEP.
2 Executing the DC load flow.
3 Apply backward search (BS) or forward search (FS) or hybrid search (HS) technique and according to the power balance lines will be removed or added.
4 After removing or adding lines, again executing the DC load flow for checking the power balance equation. If it is satisfied, go to Step 6, otherwise transmit power from other areas to balance the load or go for load shedding to balance the load.
5 Testing the generating power is within the specified limits or not. If it exceeds the maximum limit, reduce load on that generator and if it exceeds the minimum limit stop the generator.
6 Verifying the line flows are within the limits or not. If line flows exceeded the specified line flow limit, find which line has highest exceeded line flow then add a line across it and go to Step 2 to run DC load flow, otherwise go to Step 7.
7 Checking the number of lines between any two buses exceeded right off way limit or not. If it is exceeded, remove the line and go to Step 2, otherwise go to Step 8.
If there is generator outage, go to
Step 2, otherwise go to Step 9.
9 If there is line outage, go to Step 2, otherwise go to Step 10.
10 If there is load uncertainty, go to Step 2, otherwise go to Step 11.
11 Printing the results and find the cost required for adding new transmission lines.
Solution techniques
The TEP problem can be solved by available optimisation techniques like mathematical based options and heuristic types, each with its own capabilities and drawbacks (Billinton and Allan, 2008) . For a practical system, the approach employed should be robust and flexible. If the system is small, the search space can be completely checked to find the best solution. Different types of topologies may be checked to find out the solutions which are feasible in addition to acceptable normal and N-1 condition (Billinton and Allan, 2008) . Least investment cost would be the final solution from those all feasible solutions. Therefore, for large scale systems, the enumeration method fails to find a solution as the search space is exceptionally large. In this section, heuristic methods like BS technique, FS technique and HS technique are discussed. The candidates are added one-by-one in FS technique, but BS technique works vice versa in such a way that, all candidates are initially added to the network and the candidates are removed one-by-one so far as a violation happens in either normal or N-1 conditions (Billinton and Allan, 2008) . So, the backward approach may start from a point within the feasible region while the forward approach may start from outside such a region. The execution time of the BS technique is normally higher than that of the FS technique, when the number of candidates is high.
In fact, as in the BS technique, feasible region is remaining right through the solution process, the most costly candidates are normally removed first. However, in the FS technique, as it starts from a point outside the feasible region, the most efficient candidates are initially selected. Finally, the BS technique ends up with most justifiable candidates in comparison with the forward process, however with less costly paths (Billinton and Allan, 2008) . There is no guarantee that either of the approaches ends up at the same results or one makes sure that the solution of one is better than the other (Billinton and Allan, 2008) .
In either the BS or the FS techniques, the solution process proceeds with the highest capacity available candidate for each corridor. Once completed, in a decrease stage, the lower capacity (cost) options for each corridor are tried to see if they can perform the job. HS technique is backward-forward-decrease method (Billinton and Allan, 2008) . The search space is enormous for large scale systems, if backward approach is tried for both normal and contingency conditions. One of the possible methods to overcome the difficulties, initially BS technique is applied for the network for normal conditions (no contingency). The solution speed will be high and acceptable due to no contingency is considered at this stage. Thereafter, the forward approach is employed to find the solution in the presence of all foreseen contingencies (N-1) and then decrease is method is applied to find optimal solution (Billinton and Allan, 2008) . Obviously, for a large scale system, the number of candidates would be high and the solution normally ends up with limited number of choices. Moreover, although the optimality of the solution cannot be guaranteed, the solution speed and accuracy would be quite acceptable.
The flow chart of the BS and FS techniques are shown in Figure 1 and Figure 2 respectively.
Algorithm for HS method is explained as follows:
Step 1 Read line data, bus data and constraints from equations (3) to (7).
Step 2 Initially TEP will be done by BS method as explained in Figure 1 for normal conditions and solution process will be proceeded with the highest capacity available candidate for each corridor.
Step 3 Print the results obtained from BS method.
Step 4 TEP will be prepared by FS method as explained in figure 2 for N-1 contingencies and solution process will be proceeded with the highest capacity (cost) available candidate for each corridor.
Step 5 Print the results obtained from
Step 4.
Step 6 TEP will be made by replacing the configuration obtained in step 5 with the lowest capacity (cost) available candidate for each corridor.
Step 7 Calculate evaluation function using equation (1).
Step 8 Check the cost obtained in Step 7 is least or not and verify the constraint equations from (3) to (7). If it is satisfied go to Step 9 otherwise go to Step 6.
Step 9 Print the results and cost of the newly added transmission lines. Read line data, bus data and constraints from equations (3) to (7)
Yes
Results and discussion
The proposed approach is coded using MATLAB Version 7.1 and MatPower version 5 (http://www.pserc.cornell.edu/matpower/) is used to run the optimal power flow solver using DC load flow method. The simulations are carried out in a system having Core 2 Duo processor cloaking at a speed of 2 GHz with a RAM of 2 GB.
In this paper, Garver test system (GTS) is taken as sample system for TEP and is shown in Figure 3 , network and generation and load data for GTS are shown in Table 1  and Table 2 , respectively. TEP is made based on optimum expansion cost, reliable operation and reducing transmission losses by satisfying the physical and operational constraints from 4.1 to 4.5 as explained in Section 4. In this section, GTS is simulated for normal operation, N-1 contingencies like single line outage and single generator outage, N-2 contingencies like double line outage, double generator outage and combination of line and generator outage and is also simulated for load and generation hike for long term TEP. Heuristic methods like BS, FS and HS techniques are applied here for TEP. The above said methods are simulated for various cases such as N-1 and N-2 contingencies and also for load and generation hike. Table 3 Table 3 .
If there is a hike a of 10% of overall load in the system, number of new lines to be added are 5, length of new line addition is 1,380 Ckm and cost of new line addition is 58.995 crore rupees. In the similar fashion, for remaining load hikes, number of new line additions, length of new line addition and cost of new line addition are expressed in Table 3 when there is a hike a of 10% of overall load and generation in the system, number of new lines to be added are 5, length of new line addition is 1,580 Ckm and cost of new line addition is 67.545 crore rupees. In the similar way, for other load and generation hikes, number of new line additions, length of new line addition and cost of new line addition are explained in Table 3 . Table 4 represents TEP using FS technique and it describes length of new line addition in Ckm and its cost in Crore rupees for different scenarios. Under normal operating mode number of new lines to be added are 5, length of new line addition is 1,000 Ckm and cost of new line addition is 42.75 crore rupees. For outage of line 1, number of new lines to be added are 7, length of new line addition is 1,400 Ckm and cost of new line addition is 59.85 crore rupees. Similarly for remaining individual line outages, number of new line additions, length of new line addition and cost of new line addition are explained in Table 4 .
Whenever generator 1 outage taken place, number of new lines to be added are 5, length of new line addition is 1,000 Ckm and cost of new line addition is 42.75 crore rupees. Likewise for remaining individual generator outages, number of new line additions, length of new line addition and cost of new line addition are described in Table 4 . When line 1 and generator 1 gone for outage, number of new lines to be added are 7, length of new line addition is 1,400 Ckm and cost of new line addition is 59.85 crore rupees. In the similar manner for remaining line and generator outages, number of new line additions, length of new line addition and cost of new line addition are illustrated in Table 4 . In case of line 1 and line 2 are broken, number of new lines to be added are 8, length of new line addition is 2,380 Ckm and cost of new line addition is 101.745 crore rupees. Likewise for remaining individual generator outages, number of new line additions, length of new line addition and cost of new line addition are described in Table 4 . If there is a hike a of 10% of overall load in the system, number of new lines to be added are 5, length of new line addition is 1200 Ckm and cost of new line addition is 51.3 crore rupees. In the similar fashion, for remaining load hikes, number of new line additions, length of new line addition and cost of new line addition are expressed in Table 4 . When there is a hike a of 10% of overall load and generation in the system, number of new lines to be added are 5, length of new line addition is 1,200 Ckm and cost of new line addition is 51.3 crore rupees. In the similar way, for other load and generation hikes, number of new line additions, length of new line addition and cost of new line addition are explained in Table 4 . Table 5 .when line 1 and generator 1 gone for outage, number of new lines to be added are 7, length of new line addition is 2,000 Ckm and cost of new line addition is 85.5 crore rupees. In the similar manner for remaining line and generator outages, number of new line additions, length of new line addition and cost of new line addition are illustrated in Table 5 . In case of line 1 and line 2 are broken, number of new lines to be added are 8, length of new line addition is 2,380 Ckm and cost of new line addition is 101.745 crore rupees. likewise for remaining individual generator outages, number of new line additions, length of new line addition and cost of new line addition are described in Table 5 .
If there is a hike a of 10% of overall load in the system, number of new lines to be added are 5, length of new line addition is 1,310 Ckm and cost of new line addition is 56.0025 crore rupees. In the similar fashion, for remaining load hikes, number of new line additions, length of new line addition and cost of new line addition are expressed in Table 5 . When there is a hike a of 10% of overall load and generation in the system, number of new lines to be added are 5, length of new line addition is 2,380 Ckm and cost of new line addition is 101.745 crore rupees. In the similar way, for other load and generation hikes, number of new line additions, length of new line addition and cost of new line addition are explained in Table 5 . Table 6 gives length of new line addition using BS, FS and HS techniques for TEP and also it explains cost of new line addition using above mentioned methods. From Table 6 , FS Technique gives better results, but it takes much time to simulate the system. Average time taken for simulate the GTS using BS, FS and HS techniques are 55, 45 and 7 seconds respectively. For a practical system, BS and FS techniques will be consuming much time to get results but HS Technique may be taking less time.
In this paper, load growth of 30% was considered for checking reliability measures after TEP with single line outage. Table 7 details about various factors for different network expansion as suggested by different algorithms. Table 7 gives the details related to any single line outage. To analyse the reliability indices Monte Carlo simulation is employed with 40,000 numbers of samples and a minimum of 60 simulation runs. From Table 3 , it can be observed that the expansion plan suggested by GA performs better in terms of reliability indices EENS, EDNS and PLC and also performance indices PI and LI. 
